The present study reports that Klebsiella pneumoniae (KP) killed the Caenorhabditis elegans as a consequence of an accumulation and proliferation of the pathogen inside the worms' intestine. The real-time PCR analysis of the genes responsible for vulval development (let-23) and egg laying (lin-29) in KP infected C. elegans confirmed the reproductive defects provoked by KP at the molecular level. In addition, the genetic analysis in N2 wild type, tol-1, sek-1 and pmk-1 mutants unveiled that KP attenuates the toll-dependent p38 mitogen-activated protein kinase (p38 MAPK) by chiefly inhibiting the production of antimicrobial factors such as nlp-29, lys-1 and C-type lectins. Conclusively, the surrendering of the host immune system appears to be attenuated by the toll-dependent p38 MAPK pathway regulation in C. elegans.
INTRODUCTION
Klebsiella pneumoniae (KP), a Gram-negative bacterium belonging to the family Enterobacteriaceae is a remarkably successful, versatile and one of the leading human pathogens in causing both nosocomial-and community-acquired infections. Though, it has been found as a common component of normal microflora of virtually all humans, this opportunistic pathogen can invade host system and cause life-threatening infections in immunocompromised individuals. Accordingly, it causes a diverse array of infections such as bowel diseases, pneumonia, suppurative infections, bacteremia, septicemia and inflammation of the urinary tract. In severe cases, pyogenic liver abscess along with meningitis and endophthalmitis are also encountered with a mortality rate of 20-55% (Podschun and Ullmann 1998) . As far as the nosocomial infection of KP is concerned, the prime significance is its initial colonization in the gastrointestinal tract, irrespective of its site of infection. The degree of colonization of KP depends on their ability to form biofilm, which contributes to their persistence and shielding from host defense via oxidative stress and antimicrobial peptides (Begun et al. 2007) .
The toll-like receptor (TLR) plays an important role in the intestinal epithelium of mammals during its interaction with pathogens ). Recognition of surface molecules i.e. pathogen-associated molecular pattern (PAMPs) by the TLR is a necessary initial step to trigger the host immune response. Under in vitro conditions, the mammalian HepG2 cells recognize KP through TLR2/4 and initiate cellular response to microbial components (Wu et al. 2006) . Nevertheless, the function of this signaling pathway in context of whole organism (in vivo) is poorly understood due to the lack of suitable model organism to dissect the host response during bacterial pathogenesis.
Hitherto, a free-living genetically tractable invertebrate model system called Caenorhabditis elegans has extensively been explored against different Gram-positive and Gram-negative bacterial pathogens in order to identify the evolutionarily conserved components of host innate immune response (Kurz and Ewbank 2003; Irazoqui, Urbach and Ausubel 2010) . Studies using Drosophila melanogaster as other model revealed the role of toll-signaling pathways for regulating NF-κB transcription factor during pathogens' attack (Akira, Uematsu and Takeuchi 2006; Lemaitre et al. 1996) . Similarly, earlier studies using C. elegans showed the involvement of p38 mitogen-activated protein kinase (p38 MAPK), DAF-2/insulin-like receptor (ILR or DAF-2/DAF-16), extracellular signal-regulated kinase, transforming growth factor β and jun N-terminal kinase pathway against various bacterial and fungal infections (Wu et al. 2006; Irazoqui, Urbach and Ausubel 2010) . In addition, C. elegans being a transparent tropical nematode, it allows the direct observation of infection and gene expression reporters' during in vivo conditions. These potentials make the system more amenable to study both the host defense and host-pathogen interaction during in vivo conditions.
Host-pathogen interaction is a dynamic process that reveals not only the relationship between host and pathogen, but also their persistence during pathogenesis. The innate immune response of host represents the first line of defense against pathogens' attack. In C. elegans, the innate immune defense is a hard-wired mechanism which involves the detection of PAMPs that upregulate the expression of several antimicrobial genes by activating the other host immune pathways . However, the information deducing the function of these signaling pathways in the context of in vivo system during KP infection is very scanty. Evolutionary studies on mammalian innate immune system decode their ancient origin and conservation with flies and nematodes. Generally, the pathways present in the intestinal epithelial cells play a vital role in immune signaling during the critical interface of contact between host and pathogen (Akira, Uematsu and Takeuchi 2006) . Thus, the critical and essential steps required to be identified in host-pathogen interaction is host immune defense system. This multifaceted enigma on host defense could be deciphered by employing a most suitable model organism like C. elegans, which is highly comparable to the mammals.
A great deal of attention has been paid for the characterization of nematode immune system against nosocomialand community-acquired pathogens like Pseudomonas aeruginosa and Staphylococcus aureus. Nevertheless, the immune response towards a medically significant bacterium like KP has never been clearly defined so far. With due response to the above facts and in concert with the reason that there are dearth of reports on the C. elegans response towards KP infection, the current investigation for the first time was intended to elucidate the immune response of C. elegans during KP infection. In order to throw more light into the KP-C. elegans interaction, we explored the physiological and transcriptional response of host to KP in N2 wild-type and mutant nematodes.
MATERIALS AND METHOD
Bacterial strains and culture condition KP (no. 10031) was obtained from American Type Culture Collection (ATCC), USA. Escherichia coli OP50 used as a food source for C. elegans was provided by Caenorhabditis Genetics Center (CGC), Minnesota, USA. Both the cultures were grown in Luria-Bertani (LB) medium at 37
• C with aeration.
Maintenance and synchronization of C. elegans
The wild-type and mutant C. elegans were routinely maintained at 20 and 15
• C, respectively, on nematode growth medium seeded with E. coli OP50 as a food source. The Strains used in this study were N2 Bristol (wild type), MAPK pathway mutants (KU25 pmk-1 (km25), AU37 sek-1 (km4) and IG10 tol-1 (nr2033)). All C. elegans strains were originally obtained from CGC, Minnesota, USA. Age-synchronized worms were obtained by treating the gravid nematodes with commercial bleach solution containing 5M potassium hydroxide in 1:1 ratio and then the eggs were allowed to hatch on a seeded plate. These stage-synchronized worms were used in all assays.
Microscopic visualization of nematode
Caenorhabditis elegans exposed to E. coli or KP were washed thrice with M9 buffer containing 1 mM sodium azide (anesthetizing agent) and placed on a 2% agarose pad. Then, the worms were examined for its physiological modifications under inverted fluorescence microscope (Nikon, Japan).
Nematode-killing assay in liquid medium
Briefly, a batch of 10 age-synchronized nematodes was transferred to 24 well plate containing KP (0.3 OD at 600 nm i.e. 8 × 10 7 cells ml −1 ) or heat-killed KP in M9 medium. For heat-killed KP, fresh overnight culture was centrifuged at 7000 rpm for 5 min and the concentrated cells were boiled at 95
• C for 45 min. Following heat treatment, their viability was tested by plating the undiluted cultures on LB plates. Experiments were performed at least thrice at 20
• C and 20% of LB medium was used as vehicle control.
Egg-laying assay
Egg-laying assay was performed as described previously to examine the reproduction ability of C. elegans (Kesika and Balamurugan 2012) . A batch of age-synchronized L4 worms were transferred to a lawn of KP and incubated at 20 
Pharyngeal pumping assay
To analyze the feeding behavior of C. elegans during KP exposure, the rate of pharyngeal pumping was assessed. The nematodes exposed to the pathogen for different time points (4, 8, 12 and 24 h) were transferred to the plate containing OP50 and their rate of pharyngeal movement was measured (JebaMercy, Vigneswari and Balamurugan 2013) under Nikon Ti microscope. For vehicle control, 20% of LB medium was used.
In vivo intestinal colonization and CLSM analysis
To examine the in vivo internal colonization in C. elegans, nematodes exposed to KP for 4 h and transferred to the plate containing E. coli OP50. The transferred nematodes were maintained for different time intervals (6, 12, 24 and 36 h) and washed thrice with M9 buffer containing 1 mM sodium azide and stained with 0.1% acridine orange for 3 min (JebaMercy, Vigneswari and Balamurugan 2013). Further, the nematodes were repeatedly washed with M9 buffer to remove the acridine orange in excess and the colonization of KP in C. elegans intestine was observed under Confocal Laser Scanning Fluorescent Microscope (CLSM) (Carl Zeiss, Germany). The fluorescent intensity of an acridine orange in the intestine of C. elegans is directly proportional to the colonization by KP.
Quantification of colonization by CFU assay
To quantify the bacterial load by KP, inside the intestine of N2, a bacterial accumulation assay was performed as described earlier (Chou et al. 2013) . Briefly, a batch of 10 nematodes was exposed to KP for 4 h and transferred to the plate containing E. coli OP50 after removing the surface bacteria by thoroughly washing with M9. The transferred nematodes were allowed to feed with E. coli OP50 for different time points (6, 12 and 24 h) at 20
• C. After specified time intervals, the nematodes were washed from the plate thrice with M9 buffer containing 1 mM sodium azide to avoid the expulsion of invaded bacteria from the worms' intestine. To the washed nematodes, 100 μg of silicon carbide particles (1.0 mm; Himedia, India) were added and vortexed at maximum speed for a minute, which disturbed the worms and release the invaded bacteria in the suspension of M9. The resulted suspension was serially diluted and plated on a Hicrome Klebsiella isolation agar (Himedia) to determine the CFU.
RNA preparation, RT-PCR and Real time-PCR
The total RNA was isolated from N2 and mutants exposed to KP (6, 12, 24 and 36 h) at different time points by TRIzol method. For RT-PCR, the oligo-dT method was used to synthesis a cDNA. According to the instruction of SuperScript III (Invitrogen Inc. USA), the cDNA template was generated from 100 ng of RNA isolated from C. elegans at different time of exposures as described above. PCR was carried out to amplify from the cDNA by using primers listed in Table 1 . Quantitative real time PCR (qRT-PCR) was conducted by using the Applied Biosystems SYBR Green fluorescence dye. Independent RNA preparations were done and cDNA was converted and the expression of candidate genes was normalized by act-2. Gene expression was measured by calculating 2 − ct .
Statistical analysis
All experiments were performed with three independent biological replicates and expressed as mean with standard deviation. Statistical comparisons between the different groups were analyzed by one-way ANOVA and significance differences between the means of the considered parameters were assessed by Duncan's post hoc analysis using the software SPSS Ver.17.0.
RESULTS

KP causes severe physiological defects and intestinal colonization
In order to determine the pathogenicity of KP, its ability to affect survival, reproduction, feeding (pharyngeal pumping) and darkness of the intestine (colonization) were examined, and compared to the worms fed with laboratory food source E. coli OP50. The control nematodes fed on E. coli OP50 showed an intact pharynx (Fig. 1A) and normal egg formation (Fig. 1B) . Whereas, the nematodes fed on KP were severely infected which were evidenced by distended pharynx (Fig. 1C) , abnormal egg formation and accumulation (Fig. 1D) , and internal hatching ( Fig. 1E ) with accumulation of bacterial load inside the gastrointestinal region of the exposed nematodes (Fig. 1F ).
Live KP was more pathogenic to C. elegans
The severity in pathogenicity by KP in C. elegans was quantitatively assessed by measuring the rate of killing of nematodes at 20
• C in liquid M9 medium. As shown in Fig. 2A , KP displayed a significant (P < 0.05) reduction in the lifespan of nematodes when compared to that of OP50 control. Nematodes fed on KP displayed a significantly (P < 0.05) decreased mean lifespan of 48 ± 5 h when compared to that of nematodes fed with OP50 with a mean lifespan of 21 ± 0.5 days. However, exposure with cell-free supernatant (CFS) and heat-killed KP showed moderate/less significant killing in nematodes than live pathogen suggested that C. elegans required live pathogen to cause death in host ( Fig. 2A) . Infection by KP in C. elegans also caused a significant (P < 0.05) inhibition in egg laying (Fig. 2B ) and feeding (Fig. 2C) .
KP colonized the host intestine and causes persistent infection
To correlate colonization and proliferation of KP with host killing, fluorescence imaging by CLSM and colony-forming unit assay were performed. Analyzing the intensity profile of CLSM images using ZEN software showed the increased colonization in the intestine of C. elegans with residence time (Fig. 3A) . To further ascertain the results of CLSM, the CFU assay was performed. The CFU of 4 h exposed nematode was 2.7 × 10 3 and it was found to be increased to 3.6 × 10 4 , 4.7 × 10 5 and 5.3 × 10 6 at 6, 12 and 24 h, respectively (Fig. 3B) . The intense peak in intensity profile and increased CFU with residence time suggested that KP could colonize and proliferate inside the interacting host system.
Transcriptional analysis of genes responsible for reproduction and host immune defense against KP infection
In order to determine the reproductive defect caused by KP at their molecular level, the two major genes involved in vulva development (let-23) and egg laying (lin-29) were analyzed. KP significantly (P < 0.005) downregulated the expression of let-23 and lin-29 in a time-dependent manner (Fig. 4A ). This data suggested that infection with KP affected the vulval development and egg laying in nematodes. Recognition of pathogen is an initial step required for host defense. TLR is encoded by tol-1 gene in C. elegans. When C. elegans exposed to KP, the tol-1 was observed to be significantly (P < 0.005) increased. In addition, the genes pmk-1, clec-60, clec-67, clec-85, lys-1 and nlp-29 were upregulated at initial hours of infection and downregulated gradually at the later hours of infection (Fig. 4B ). According to Mallo et al. (2002) and , the cluster of clec-60/67 increased the host resistance to infection and thereby enhance the survival in nematodes. However, the downregulation of clec-60 and clec-67 during exposure with KP indicated the surrendering of host immune defense to KP infection. Furthermore, the lys-1 and nlp-29 were particularly regulated by p38 MAPK pathway during bacterial and fungal infection (Pukkila-Worley, Ausubel and Mylonakis 2011). The increased expression of pmk-1 along with lys-1 and nlp-29 in the initial hours of infection and gradual downregulation in later hours revealed that p38 MAPK pathway may have a significant role in C. elegans against infection (Fig. 4B) .
Susceptibility of sek-1, pmk-1 and tol-1 mutants to KP infection
To determine the role of p38 MAPK in C. elegans against KP exposure, the nematodes with mutations in genes known to be involved in this pathway such as AU37 (sek-1), KU25 (pmk-1) and IG10 (tol-1) were examined for their survival. The mutants AU37 (sek-1) (Fig. 5A ), KU25 (pmk-1) (Fig. 5B ) and IG10 (tol-1) (Fig. 5C ) mutants fed on KP in liquid medium exhibited a significant (P < 0.05) shorter lifespan (mean lifespan of 24 ± 5, 33 ± 3 and 30 ± 7 h for sek-1, pmk-1 and tol-1 mutants, respectively) than the N2 nematodes (mean lifespan = 48 ± 5 h) (Fig. 5) . The susceptibility of AU37, KU25 and IG10 to KP suggested the role of p38 MAPK pathway and toll receptor in C. elegans during host defense.
Requirement of toll-dependent PMK pathway in C. elegans during KP infection
To explore the involvement of p38 MAPK pathway and toll during infection with KP, the expression analysis was done in p38 MAPK pathway mutant (sek-1 and pmk-1) and tol-1 mutant. The expression of tol-1 was significantly (P < 0.005) upregulated in sek-1 and pmk-1 mutants (Fig. 6A) , suggesting the requirement of TLR during KP exposure. Exposing AU37 to KP significantly (P < 0.005) downregulated the expression of pmk-1 at its initial hour of infection itself. However, in tol-1 mutant IG10, there is no activation of pmk-1 (Fig. 6B ). This indicated that the lack of toll receptor in IG10 during KP infection failed to activate the expression of pmk-1. Therefore, we concluded that C. elegans required toll-dependent p38 MAPK pathway against KP infection. Furthermore, the antimicrobial genes nlp-29 (Fig. 6C ) and lys-1 (Fig. 6D) , which are primarily regulated by p38 MAPK was also not activated in IG10, strongly suggesting the role of toll-dependent p38 MAPK pathway against KP infection. Furthermore, the antimicrobial genes clec-60, clec-67, clec-85 and clec-87 were significantly (P < 0.005) upregulated in the early hours and downregulated during later hours during infection suggested the surrendering of host defense against KP (Fig. 6E-H ).
DISCUSSION
Globally, there is a growing interest in using C. elegans as a model to study the host-pathogen interaction against diverse Gram-positive and Gram-negative bacteria (Kim et al. 2002; Sifri et al. 2003; Kim et al. 2004; Chou et al. 2013) . KP, an opportunistic pathogen ranked second in causing community-and nosocomial-acquired infections in human has been well documented for its multidrug resistance. However, very little is known about their virulence and host immune evasion mechanisms. In this scenario, the current study is aimed to demonstrate for the first time a detailed characterization of the interaction between KP and a host system, C. elegans. A broad spectrum of Gram-positive and Gram-negative bacteria has been reported to kill the C. elegans when substituted for normal laboratory food E. coli OP50. In the same way, the results of the current study demonstrated that live KP colonized and proliferated inside the intestine of C. elegans and killed the nematodes by inhibiting its feeding and reproduction. Feeding provided the required nutrition for reproduction in C. elegans and hence both are interrelated mechanism (Jadhav and Rajini 2009) . The distended pharynx and inhibited level of pharyngeal pumping corroborated the prevalence of unhealthy condition due to malnutrition which could affect the reproduction in nematodes during KP infection. Moreover, the downregulation of let-23, an EGF-receptor family transmembrane tyrosine kinase responsible for vulval development and lin-29, a zinc finger transcription factor responsible for egg laying (Newman et al. 2000) again reinforced the reproductive defects caused by KP at their molecular level. The downregulation of let-23 along with accumulation of eggs, delayed egg laying and internal hatching in C. elegans goes in parallel with reproductive defects caused under chemical stress (Kumar et al. 2010) indicating the devastating effect imposed by KP on the host vulval development. Reports from the recent past have demonstrated the pathogenicity of KP in HepG2 cells (Chou et al. 2013) , Galleria mellonella (Insua et al. 2013 ) and mice (Wu et al. 2012) ; however, the present investigation is a first of its kind illustrating the host response against KP infection in C. elegans.
The gene expression analysis exhibited an upregulation of the tol-1 in C. elegans exposed to KP, this goes in well accordance with the previous report by Wu et al. 2006 demonstrating the regulation of TLR2/4 during infection with KP. Earlier reports have well documented the essential role of toll in nematodes immune defense against variety of infections (Couillault et al. 2004; Pujol and Ewbank 2005; Akira, Uematsu and Takeuchi 2006; Pujol et al. 2008) . The regulation of tol-1 during KP exposure indicated that C. elegans recognize KP through TLR and elicited the immune signaling pathway. p38 MAPK, an evolutionary conserved pathway encoded by a gene pmk-1, is an important regulator of nematode immune defense against P. aeruginosa (Shivers et al. 2009 ) and Yersinia pestis (Bolz, Tenor and Aballay 2010) . The loss-of-function of pmk-1 makes the host hypersusceptible to bacterial and fungal infection (Shivers et al. 2009; Bolz, Tenor and Aballay 2010) . The time-dependent downregulation of pmk-1 in nematodes during exposure suggests that KP suppressed the PMK pathway and makes the host system vulnerable to the infection. In addition, the downregulation of nlp-29 and lys-1 which are particularly regulated by p38 MAPK pathway (Begun et al. 2007; JebaMercy, Vigneswari and Balamurugan 2013) are also in total agreement with previous results and suggest that the suppression of pmk-1 by KP, affected the host immune pathway and hence there is no production of these genes during infection. During the onset of infection, the host immune system appears to fight against the KP by upregulating its antimicrobial genes viz., clec-60, clec-67 and clec-85 . Nevertheless, the gradual downregulation of these C-type lectins after due course of infection suggesting the surrendering of host immune defense to KP by favoring the infection. The clec-60/67 cluster in nematode confers increased resistance towards bacterial/fungal infection (Mallo et al. 2002; Irazoqui, Urbach and Ausubel 2010) .
To check the role of toll and p38 MAPK pathway in C. elegans during KP infection, the survival assay was performed in IG10 (tol-1), AU37 (sek-1) and KU25 (pmk-1) mutants. The results displayed an increase in susceptibility of mutants to KP as it was evident from the phenomenal decrease in their mean lifespan compared to that of wild-type N2 nematodes. This clearly suggests the requirement of Toll and p38 MAPK pathways in C. elegans defense during KP infection. The gene expression analysis of mutants exposed to KP revealed the possible role of TLR during infection, as it was obvious from the upregulation of tol-1 gene in both AU37 and KU25 mutants. Furthermore, the lack of activation of pmk-1 and its regulated antimicrobial genes, nlp-29 and lys-1, in the absence of tol-1 (IG10 mutant) suggesting were normalized over the relative expression of house keeping gene, β-actin of respective time periods. Data are presented as mean ± SD of three biological replicates and the level of significance was analyzed by one-way ANOVA followed by Duncan's post hoc analysis ( * P < 0.05, * * P < 0.005).
Figure 5. The p38 MAP kinase pathway and toll was required for the host immune response against to KP infection. Susceptibility of AU37 (sek-1) (A), KU25 (pmk-1) (B) and IG10 (tol-1) (C) mutants to KP in liquid medium. Data are represented as a mean ± SD of triplicate and the level of significance was analyzed by one-way ANOVA followed by Duncan's post hoc analysis.
the requirement of toll receptor in activating pmk-1 against KP infection. Overall, the gene expression analysis of three mutants evidently delineated the elicitation of toll-dependent p38 MAPK pathway in C. elegans during KP infection, which is in total agreement with the results of previous reports on Serratia marcescens (Couillault et al. 2004) , P. aeruginosa and Candida albicans (Pukkila-Worley, Ausubel and Mylonakis 2011) infection in C. elegans. C-type lectins were produced by different pathways which are playing diverse roles in host defense. Ever since the clec-87 was believed to be involved in masking the bacterial attachment (Kesika and Balamurugan 2012) , the upregulation of this particular gene at 6 and 12 h and subsequent downregulation at later hours (24 h) indicated the surrendering of C. elegans immune defense to pathogen after a strong battle.
In summary, the current study provides an important insight into the evolutionary origin of innate immunity by signifying the requirement of toll-dependent MAPK pathway in C. elegans during KP infection. Further, the findings of current study advanced our knowledge of C. elegans-KP interactions and also shed more light on potential immunotherapeutic targets in host effector genes. Thus, the study evidently validates the suitability of -60, clec-67, clec-85, clec-87, nlp-29 and lys-1 (C-H) in p38 MAPK pathway mutants and tol-1 mutant at different time intervals. The relative expression of the candidate genes were normalized over the relative expression of house keeping gene, β-actin of respective time periods. Data are presented as mean ± SD of three biological replicates and the level of significance was analyzed by one-way ANOVA followed by Duncan's post hoc analysis ( * P < 0.05, * * P < 0.005).
